Introduction
============

Even though gastric cancer (GC) incidence and mortality have has markedly decreased over the past decades ([@b1-ijmm-41-01-0155]), GC remains the third leading cause of cancer-related mortality in China and worldwide, with \>300,000 deaths annually ([@b2-ijmm-41-01-0155]). Depending on the effectiveness of diagnostic and treatment strategies, excellent long-term survival results can be obtained for early GC; however, the prognosis of patients with advanced GC remains poor ([@b3-ijmm-41-01-0155]); thus, the identification of cancer-related genes is of great importance in the treatment of cancer ([@b4-ijmm-41-01-0155]).

To date, numerous genes have been found to be involved in GC tumorigenesis. Among the reported GC-related genes, most of them can also be found in other types of cancer. In this study, using cDNA microarray and bioinformatics methods to characterize cancer-related genes from GC tissue samples, we identified 10 upregulated and 10 downregulated genes in GC tissues. We selected the most upregulated gene, histone deacetylase 3 (HDAC3), for an in depth investigation in order to obtain a better understanding of its molecular mechanisms of action within GC tumorigenesis.

It is well known that the post-transcriptional expression of gene can be mediated by microRNAs (miRNAs or miRs), which is a class of endogenous, non-coding, single-stranded RNA molecules of approximately 22 nucleotides in length ([@b5-ijmm-41-01-0155]). miRNAs mediate gene expression through base pairing with the 3′ untranslated region (3′UTR) of target messenger RNAs (mRNAs), resulting in the regulation of cellular processes, such as cell differentiation, proliferation, migration and apoptosis. miRNAs function as either tumor suppressors or oncogenes ([@b5-ijmm-41-01-0155]--[@b8-ijmm-41-01-0155]). Many oncogenes have been reported to be targeted by miRNAs this leads to alterations in gene or protein levels ([@b9-ijmm-41-01-0155]). Therefore, the combination of cancer-related gene expression profiles with targeted miRNA expression profiles may help us to obtain more accurate molecular information for predicting and controlling tumorigenesis. CHD5 belongs to a group of SWI/SNF proteins known as chromodomain helicase DNA binding (CHD) proteins, which was first identified in neuroblastomas on 1p36 in a region of most deletion ([@b10-ijmm-41-01-0155]). Previous studies have demonstrated that CHD5 acts as tumor suppressor gene in various types of cancer, including neuroblastoma, laryngeal squamouscell carcinoma, colon cancer, lung cancer and GC ([@b4-ijmm-41-01-0155],[@b11-ijmm-41-01-0155]--[@b15-ijmm-41-01-0155]). Thus, in this study, we identified the tumor-promoting role of HDAC3, as well as its target miRNA and downstream molecul. We demonstrate that HDAC3 is associated with GC cell growth via the miR-454-mediated targeting of CHD5. Our findings may enhance our understanding of the molecular mechanisms of GC tumorigenesis.

Materials and methods
=====================

Human samples
-------------

A total of 60 samples of GC and matching non-tumor adjacent tissues (non-tumor tissues) were collected from patients who received surgery at the People\'s Hospital of Pudong (Shanghai, China). All the patients provided written informed consent prior to obtaining the samples. The dissected samples were frozen immediately after surgery and stored at −80°C until use. All procedures were approved by the Ethics Committee of the People\'s Hospital of Pudong.

Cell culture
------------

The human GC cell lines AGS, SGC-7901, MGC-803, BGC-823, and the normal gastric cell line, GES-1, were obtained from the Cell Bank of the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). The cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM), supplemented with 10% fetal bovine serum (FBS) under an atmosphere of 5% CO~2~ at 37°C. Normal human cells were grown in 100-mm plastic dish.

RNA preparation
---------------

Total RNA was extracted using TRIzol reagent. The NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) was used to measure the amount of RNA sample. Only samples with an A260/A280 ratio between 1.8 and 2.2 were selected for use.

Low-density cDNA microarray
---------------------------

The total RNA was extracted from GC tissues and then digested with RNase-free DNase I (Nippon Gene Co., Tokyo, Japan). RNA amplifications, preparations of cDNA probes, hybridization, washing and scanning were carried out as previously described ([@b16-ijmm-41-01-0155]). The low-density cDNA microarray was prepared by printing targets onto the amino slides using Micro Grind II genechip spotting equipment (BioRobotics Ltd., Cambridge, UK).

Plasmid construction, small interfering RNA and oligonucleotide systhesis
-------------------------------------------------------------------------

AdHDAC3 viral DNA (HDAC1) and the corresponding control vector (Vector) were purchased from GeneChem (Shanghai, China). The resulting viral particles were generated and amplified in SGC-7901 cells according to standard procedures. Lentiviral particles were produced as previously described ([@b17-ijmm-41-01-0155]). In brief, the SGC-7901 cells were transfected with the lentiviral vector and the packaging plasmids using FuGENE 6 (Roche, Indianapolis, IN, USA). For miR-454 depletion, small interfering RNA (siRNA) was synthesized and purified by RiboBio Co., Ltd. (Guangzhou, China) and then used for transfection. For HDAC3 knockdown *in vitro*, sh-HDAC3 and the scramble vector (sh-cont) were purchased from GeneChem. Cell transfection was performed using Lipofectamine 2000 (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer\'s instructions.

Cell viability assay
--------------------

The MTS kit (CellTiter 96 AQ; Promega, Madison, WI, USA) was used to determine cell viability. The cells were seeded in 96-well plates at a density of 3--7×10^3^ cells/well. Twelve hours later, the fresh mixture of MTS and PMS was added followed by incubation for 2--4 h at 37°C. To measure the absorbance at 450 nm, a MR7000 microplate reader (Dynatech, Carson, NV, USA) was used.

Colony formation assay
----------------------

The cells were trypsinized and plated on 6-well plates and cultured for 2 weeks. The colonies were fixed with 4% paraformaldehyde for 30 min, followed by staining with 1% crystal violet (Sigma-Aldrich) for 30 sec. Finally, the number of colonies was counted under a light microscope (Olympus Optical Ltd., London, UK).

Low-density miRNA arrays
------------------------

The low-density miRNA Taqman array was used to obtain miRNA expression profiles. For each cDNA sample, small RNAs were profiled. The cycling conditions and the calculation method of raw Cq values were as previously described ([@b18-ijmm-41-01-0155]).

RNA expression
--------------

For mRNA expression analysis, mRNAs were quantified by RT-qPCR and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Briefly, 2 mg total RNA was reverse transcribed using an OmniScript RT kit (Qiagen, Valencia, CA, USA), and qPCR was conducted in a 10 ml reaction containing cDNA (20 ng), SYBR-Green mix and primers. The samples were subjected to 45 cycles of 95°C for 20 sec and 60°C for 1 min. The relative gene expression values were determined using the 2^−ΔΔCT^ method.

Bioinformatics analysis
-----------------------

The public web-based prediction site TargetScan (<http://www.targetscan.org>) was used to predict the potential miRNA-targeted gene transcripts.

Luciferase activity assay
-------------------------

Using the Dual-Luciferase Reporter Assay system (Promega), the luciferase reporter gene assay was carried out. The cells were seeded in 96-well plates, and wild-type or mutant reporter constructs (termed wild or mut) were co-transfected into the SGC-7901 cells with 100 nmol/l miR-454 or 100 nmol/l miR-NC and *Renilla* plasmid using Lipofectamine 2000 (Invitrogen Life Technologies Carlsbad, CA, USA). Reporter gene assays were performed at 24 h post-transfection using the Dual-Luciferase Assay system (Promega). Firefly luciferase activity was normalized for transfection efficiency using the corresponding *Renilla* luciferase activity.

Western blot analysis
---------------------

Western blot analysis was carried out to detect the protein levels. Protein was collected from tissues or cells that were lysed in radioimmunoprecipitation (RIPA) buffer containing protease inhibitors at 4°C for 30 min. Cell lysates were prepared with a RIPA lysis buffer kit (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and the protein concentrations were quantified by Bio-Rad protein assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins (30 µg) were separated by 8% SDS-PAGE and transferred onto polyvinylidene difluoride membranes (Amersham/GE Healthcare, Chicago, IL, USA). The membranes were blocked in 5% non-fat milk (Merck KGaA, Darmstadt, Germany) overnight at 4°C. Transferred membranes were then stained with the following primary antibodies: anti-HDAC3 (1:5,000; cat. no. ab32369), anti-CHD5 (1:2,000; cat. no. ab114095), and anti-GAPDH (1:500; cat. no. ab8245) (all from Abcam, La Jolla, California, USA) overnight at 4°C. Subsequently, protein bands were detected by incubation with a horseradish peroxidase-conjugated secondary antibody (1:1,000; cat. no. A50-106P; Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) at room temperature for 1 h. Signals were detected using an enhanced chemiluminescence kit (cat. no. orb90504; Wuhan Booute Biotechnology Co., Ltd, Wuhan, China) and exposed to Kodak X-OMAT film (Kodak, Rochester, NY, USA). Each experiment was performed at least 3 times and the results were analyzed using Alpha View Analysis tools (AlphaView SA software, version 3.2.2, ProteinSimple, Santa Clara, CA, USA).

GC xenograft model
------------------

The present study was approved by the Ethics Committee of People\'s Hospital of Pudong. BALB/c male nude mice (6 weeks old, weighing 18--20 g) were purchased from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China) and housed in polystyrene cages (2 mice per cage) with free access to food and water, a 12/12 h light-darkness cycle, and an ambient temperature of 20--25°C. Tumors were established by the subcutaneous injection of 2×10^6^ cells transfected with sh-cont or cells transfected with sh-HDAC3 into the right flank of the mice (n=12 in each group). Since not every mouse developed tumors after the inoculation of the cells, only those with visible tumors (\>50 mm^3^ in volume; approximately 8 weeks after inoculation) were used in the subsequent experiments. At the end of the experiments, the tumor weight was evaluated.

Statistical analysis
--------------------

Data are presented as the means ± SEM. The Student\'s t-test and one-way analysis of variance (ANOVA) were employed to analyze the differences between sets of data. A value of p\<0.05 was considered to indicate a statistically significant difference. The association between the HDAC3 level and miR-454 level was examined using Spearman\'s rank correlation, and this method was also used to analyze the correlation between miR-454 expression and the CHD5 level. The probability of overall survival was ascertained using the Kaplan-Meier method, with a log-rank test to probe for significance. Univariate and multivariate regression was performed to analyze the effect of clinicopathological parameters on patient survival, and the results are expressed as a hazard ratio (HR) with 95% confidence interval (CI).

Results
=======

HDAC3 identified as the most significantly upregulated gene in GC tissues
-------------------------------------------------------------------------

We analyzed the differential expression patterns using low-density cDNA microarrays for GC and non-tumor tissues samples. Based on the similarity in the expression pattern of genes, unsupervised hierarchical clustering was analyzed. As expected, the samples were separated into 2 groups, the normal cluster and the GC cluster. Each distinctive gene cluster was identified by delineation using a hierarchical clustering dendrogram ([Fig. 1A](#f1-ijmm-41-01-0155){ref-type="fig"}). Cluster I, including genes upregulated in GC cells, consisted of the tumor-related genes Notch homolog 1, translocation-associated (*Drosophila*) (NOTCH1), C-C motif chemokine ligand 1 (CCL1), SMAD6, DEAD-box helicase 17 (DDX17), AKT1, NOTCH3, ISL LIM homeobox 1 (ISL1), galanin (GAL), SMAD4 and HDAC3 ([@b19-ijmm-41-01-0155]--[@b28-ijmm-41-01-0155]). Cluster II consisted of genes downregulated in GC cells, which were mainly tumor suppressor genes, including angiomotin (AMOT), fibroblast growth factor receptor 3 (FGFR3), tumor protein p53 (TP53), tachykinin precursor 1 (TAC1), phosphatase and tensin homolog (PTEN), cyclin-dependent kinase inhibitor 2A (CDKN2A) and BRCA1 ([@b29-ijmm-41-01-0155]--[@b35-ijmm-41-01-0155]). In addition, gamma-secretase activating protein (GSAP) and cadherin-related family member 1 (CDHR1) were also classified into cluster II; however, their role in tumor development is unknown. The genes with differential expression could also be classified into 5 subclusters, and the most striking subcluster was HDAC3, showing surprisingly differences between GC and normal cells.

HDAC3 is upregulated in GC tissues and cell lines
-------------------------------------------------

We then examined HDAC3 expression in GC tumorigenesis, utilizing 60 paired GC/non-tumor samples. HDAC3 mRNA expression was significantly upregulated in human GC tissues compared with non-tumor tissues ([Fig. 1B](#f1-ijmm-41-01-0155){ref-type="fig"}). Similarly, the protein expression of HDAC3 was increased by almost 2-fold in the GC tissues compared with the non-tumor tissues ([Fig. 1C](#f1-ijmm-41-01-0155){ref-type="fig"}).

We then compared the mRNA and protein levels of HDAC3 in normal epithelial cells (GES-1) and GC cell lines (AGS, SGS-7901, MGC-803 and BGC-823). As shown in [Fig. 1D and E](#f1-ijmm-41-01-0155){ref-type="fig"}, HDAC3 was also upregulated in the GC cell lines, and its expression was markedly higher in the GC cells than in the GES-1 normal cells. Taken together, our findings indicate that both HDAC3 mRNA and protein expression is upregulated in human GC tissues and cells.

HDAC3 knockdown suppresses the growth of GC cells
-------------------------------------------------

In order to determine whether HDAC3 participates in the regulation of GC cell growth, HDAC3 was knocked down in the human GC cell lines, AGS, SGS-7901 and BGC-823. Cell viability assay revealed that HDAC3 knockdown significantly decreased the viability of the AGS, SGS-7901 and BGC-823 cells *in vitro* ([Fig. 2A](#f2-ijmm-41-01-0155){ref-type="fig"}).

In addition, to examine whether HDAC3 knockdown affects the growth of GC cells *in vivo*, we created a GC tumor xenograft mouse model using GC cells (AGS, SGS-7901 and BGC-823). The mice were injected with control cells or with-HDAC3-transfected cells. The results demonstrated that the mice injected with the cells in which HDAC3 was knocked down had markedly decreased tumor weights ([Fig. 2B](#f2-ijmm-41-01-0155){ref-type="fig"}).

Colony formation assay was also carried out to examine the effects of HDAC3 knockdown on GC cells and the results revealed that HDAC3 knockdown markedly attenuated the colony formation capacity of the AGS, SGS-7901 and BGC-823 cells ([Fig. 2C](#f2-ijmm-41-01-0155){ref-type="fig"}). Accordingly, these findings demonstrate that HDAC3 regulates the *in vitro* and *in vivo* growth of GC cells.

HDAC3 overexpression upregulates miR-454 expression
---------------------------------------------------

We then used HDAC3 overexpression (by transfection of cells with HDAC3 overexpression plasmid) to modify miRNA patterns in SGC-7901 cells in order to identify novel HDAC3 therapeutic targets. Microarray analysis revealed differentially expressed miRNAs in the cells transfected with HDAC3 overexpression plasmid. In total, 19 miRNAs were upregulated and 11 miRNAs were downregulated. We selected to perfrome further experiments on miR-454, which was the most significantly upregulated miRNA ([Fig. 3A](#f3-ijmm-41-01-0155){ref-type="fig"}).

Linear regression analysis was performed in order to examine the correlation between HDAC3 expression and the miR-454 level. Indeed, our results revealed that the miR-454 level significantly and positively correlated with the HDAC3 level in GC tissues ([Fig. 3B](#f3-ijmm-41-01-0155){ref-type="fig"}), indicating that HDAC3 may regulate miR-454 expression in GC. These findings indicate a strong association between the HDAC3 level and miR-454 expression in GC.

miR-454 is upregulated in GC tissue and cell lines, and predicts a poor survival percentage
-------------------------------------------------------------------------------------------

Consistent with the microarray data, miR-454 expression was significantly upregulated in the GC cell lines compared with the normal cells ([Fig. 3C](#f3-ijmm-41-01-0155){ref-type="fig"}). Significantly higher levels of miR-454 expression were also found in the GC tissues compared with the non-tumor tissues ([Fig. 3D](#f3-ijmm-41-01-0155){ref-type="fig"}).

To explore the association between the miR-454 level and patient prognosis, according to protein expression, we divided the patients into the miR-454 low (n=31) and miR-454 high (n=29) groups. Subsequently, the log-rank test was performed to determine the correlation between miR-454 expresssion and patient survival percentage. Patients with a high expression of miR-454 had a significantly worse survival percentage compared to those with a low miR-454 level ([Fig. 3E](#f3-ijmm-41-01-0155){ref-type="fig"}; [Table I](#tI-ijmm-41-01-0155){ref-type="table"}).

Association between miR-454 expression and clinicopathological characteristics of GC
------------------------------------------------------------------------------------

The association between the miR-454 expression level and clinicopathologic characteristics of GC was analyzed as shown in [Table II](#tII-ijmm-41-01-0155){ref-type="table"}. The miR-454 expression level showed a statistically significant association with the clinical stage or metastasis of GC. In 33 cases of advanced disease (stages III and IV), 21 (63.64%) of cases presented high levels of miR-454 expression, while in 27 cases presenting early stage disease (stages I and II), only 8 (29.63%) had high levels of miR-454 expression ([Fig. 3F](#f3-ijmm-41-01-0155){ref-type="fig"} and [Table II](#tII-ijmm-41-01-0155){ref-type="table"}). In the 33 cases of GC with lymph node metastasis, 24 (72.73%) presented a high miR-454 expression, while only 5 (18.52%) of the 27 cases of GC without lymph node metastasis presented a high level miR-454 expression ([Fig. 3G](#f3-ijmm-41-01-0155){ref-type="fig"} and [Table II](#tII-ijmm-41-01-0155){ref-type="table"}). No significant association was observed between the miR-454 level and gender, age or tumor size. Thus, our data indicate that a high level of miR-454 is significantly associated with an advanced clinical stage, lymph node metastases and a poor prognosis of patients with GC.

Knockdown of miR-454 inhibits GC cell viability
-----------------------------------------------

Furthermore, miR-454 was knocked down in to examine whether its expression affects GC cell growth. In accordance with our speculation, miR-454 knockdown significantly inhibited the viability of AGS and SGC-7901 cells, as compared to the cells that were transfected with si-cont ([Fig. 3H and I](#f3-ijmm-41-01-0155){ref-type="fig"}). Of note, these results were similar to those observed with the silencing of HDAC3.

CHD5 is a direct target of miR-454
----------------------------------

Since miR-454 has been found to function as an oncogene by inhibiting CHD5 in hepatocellular carcinoma ([@b36-ijmm-41-01-0155]), the correlation between CHD5 and miR-454 was analyzed in GC cells. Following the suppression of miR-454, CHD5 expression was significantly increased compared with the si-cont or cont groups in the AGS and SGC-7901 cells ([Fig. 4A](#f4-ijmm-41-01-0155){ref-type="fig"}). In addition, the expression level of miR-454 was found to inversely correlate with the expression of CHD5 in GC ([Fig. 4B](#f4-ijmm-41-01-0155){ref-type="fig"}).

Furthermore, CHD5 was proven to be a putative target gene of miR-454 using the database TargetScan ([Fig. 4C](#f4-ijmm-41-01-0155){ref-type="fig"}). The direct effect of miR-454 on the regulation of the CHD5 level was measured by luciferase reporter assay in SGC-7901 cells ([Fig. 4D](#f4-ijmm-41-01-0155){ref-type="fig"}). Compared to the cells transfected with the 3′UTR of CHD5 luciferase reporter vector alone, the fluorescence activity of the cells that were co-transfected with the miR-454 mimic and the 3′UTR of CHD5 mRNA luciferase reporter vector decreased by \>50%.

CHD5 is downregulated in GC and predicts a poor survival percentage
-------------------------------------------------------------------

CHD5 expression was detected, and the mRNA and protein expression levels of CHD5 were found to be downregulated in GC tissues compared with the non-tumor tissues ([Fig. 4E and F](#f4-ijmm-41-01-0155){ref-type="fig"}). We also found that CHD5 mRNA and protein expression levels were also downregulated in GC cell lines ([Fig. 4G and H](#f4-ijmm-41-01-0155){ref-type="fig"}). Moreover, patients with a low expression of CHD5 had a markedly worse survival percentage compared to those with a high CHD5 level ([Fig. 4I](#f4-ijmm-41-01-0155){ref-type="fig"}).

Discussion
==========

In recent years, through expression profiling of human tumors with microarray technology, signatures related to diagnosis, progression, staging, prognosis and response to treatment have been identified ([@b9-ijmm-41-01-0155],[@b37-ijmm-41-01-0155]). Our study demonstrated that HDAC3 was the most significantly upregulated gene in GC tissues compared with other cancer-related genes by microarray. In accordance with this, HDAC3 expression was upregulated in GC cell lines/tissues compared with normal cell line and non-tumor tissue. Moreover, the knockdown of HDAC3 inhibited GC cell viability, downregulated tumor weight and reduced the colony formation number. To explore the underlying mechanisms, the cells were transfected with an HDAC3 overexpression vector, followed by miRNA microarray, and we identified miR-454 as the most markedly upregulated miRNA. Accordingly, miR-454 expression was upregulated in GC cell lines/tissues and a high level of miR-454 indicated a high HDAC3 level in GC tissues and reduced cell viability. In addition, high levels of miR-454 significantly correlated with an advanced clinical stage, lymph node metastases and a poor prognosis of the patients with GC. Moreover, CHD5 was identified as a direct target of miR-454. CHD5 was downregulated in GC tissues/cell lines and the expression of CHD5 inversely correlated with the level of miR-454 in GC tissues. Taken together, those observations indicate that HDAC3 is associated with GC cell growth via the miR-454-mediated targeting of CHD5.

HDACs are well known as a major enzyme in the epigenetic regulation of gene expression through catalyzing the removal of acetyl groups, modeling the structure of chromatin, as well as inducing chromatin condensation and transcriptional repression ([@b38-ijmm-41-01-0155]). This family comprises four classes of proteins consisting of at least 18 HDAC isoenzymes ([@b39-ijmm-41-01-0155]). Among these, HDAC3 is highly expressed in colorectal carcinoma ([@b40-ijmm-41-01-0155]), classical Hodgkin\'s lymphoma ([@b41-ijmm-41-01-0155]), renal cell cancer ([@b42-ijmm-41-01-0155]), prostate cancer ([@b43-ijmm-41-01-0155]) and pancreatic cancer ([@b44-ijmm-41-01-0155]), which was also observed in our study on GC. A previous study pointed out that the knockdown of HDAC3 expression led to growth inhibition, an increase in apoptosis and a decrease in the survival of colon cancer cell lines ([@b27-ijmm-41-01-0155]). HDAC3 has also been proven to play important roles in ovarian carcinogenesis as the knockdown of HDAC3 reduces cell migration ([@b45-ijmm-41-01-0155]). In addition, HDAC3 has been reported to be associated with a poor prognosis in endometrioid subtypes of ovarian and endometrial carcinomas ([@b46-ijmm-41-01-0155]). In our study, the knockdown of HDAC3 affected GC cell growth by reducing cell viability, decreasing tumor weight and decreasing the colony formation number. Since the therapeutic application of HDAC inhibitors for central nervous system disorders and stroke has been reported ([@b47-ijmm-41-01-0155],[@b48-ijmm-41-01-0155]), the possible therapeutic application of HDAC for GC warrants further investigation.

The mechanisms underlying the tumor-prompting role of HDAC3 was investigated in the present study. In this study, HDAC3 overexpression led to the expression of 19 upregulated miRNAs and miR-454 was identified as the most significantly upregulated miRNA. miR-454 was proven to play critical role in GC tumorigenesis by detecting the miR-454 expression level, evaluating the survival rate, and analyzing related clinicopathological characteristics in GC tissues or cell lines, along with the fact that suppression of miR-454 inhibited the GC cell viability. The tumor-promoting role of miR-454 has also been reported in colorectal cancer cells since the overexpression of miR-454 promotes the proliferation and anchorage-independent growth ([@b49-ijmm-41-01-0155]). However, another study reported that miR-454 expression was suppressed in glioblastoma cancer and osteosarcoma tissues, acting as a tumor suppressor gene ([@b50-ijmm-41-01-0155],[@b51-ijmm-41-01-0155]). Therefore, our results support the view that miR-454 mainly functions as an oncogenic miRNA in GC.

Since miRNAs usually regulate the expression of target mRNAs to exert their functions, we further intended to identify miR-454 target genes in GC. CHD5 was identified as a critical downstream target using prediction algorithms and luciferase reporter assays. The ectopic expression of CHD5 has been reported to suppress cell proliferation, tumorigenicity and colony formation and to lead to cellular senescence ([@b52-ijmm-41-01-0155]). In line with previous studies, we demonstrated that the expression of CHD5 was downregulated in GC cell lines and tissues and the expression of CHD5 inversely correlated with the expression of miR-454 in GC tissues. Moreover, a low CHD5 expression predicted a poor survival percentage.

The underlying mechanisms of the suppressive effects of CHD5 on tumors are not yet fully investigated, which is one of the limitations of this study. One potential mechanism may exist. A previous study pointed out that CHD5 expression was downregulated in all GC cell lines and the ectopic expression of CHD5 in GC cells resulted in significant growth inhibition. CHD5 expression was significantly restored after pharmacological demethylation. Methylation of the CHD5 promoter was detected in all GC cell lines and in the majority of primary gastric carcinoma tissues examined ([@b14-ijmm-41-01-0155]). CHD5 is also frequently downregulated through promoter hypermethylation in colon (10%), breast (4.4%), glioma (17%) and ovarian (15%) tumors, suggesting epigenetic silencing of CHD5 by methylation may contribute to tumorigenesis in these tissues ([@b53-ijmm-41-01-0155],[@b54-ijmm-41-01-0155]). This raises the possibility that the tumor-suppressive effect of CHD5 on GC is due to the methylation of its promoter.

In conclusion, the present study demonstrated that HDAC3 and miR-454 functions as oncogenes and promote tumorigenesis and the progression of GC. To the best of our knowledge, this study provides the first evidence of the important role of HDAC3 in GC and the underlying mechanisms. Our study suggests that HDAC3 may serve as a valuable prognostic marker for GC patients and has clinical significance in GC treatment.

![Histone deacetylase 3 (HDAC3) is upregulated in gastric cancer (GC) tissues and cell lines. (A) HDAC3 was the most significantly upregulated gene as shown by microarray analysis. Green and red color intensity refers to downregulation and upregulation, respectively. (B) HDAC3 mRNA and (C) protein levels were significantly upregulated in GC tissues compared to non-tumor tissues. (D) HDAC3 mRNA and (E) protein levels were significantly upregulated in GC cell lines compared to the normal cell line. RNAs were subjected to cDNA synthesis and RT-qPCR examine the mRNA levels of HDAC3. Proteins from GC and non-tumor tissues/normal cells were subjected to western blot analysis with anti-HDAC3 and anti-GAPDH antibodies. Data are presented as the means ± SEM. ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 vs. non-tumor tissue or normal cells.](IJMM-41-01-0155-g00){#f1-ijmm-41-01-0155}

![Histone deacetylase 3 (HDAC3) loss of function suppresses growth of gastric cancer (GC) cells. (A) HDAC3 silencing significantly decreased the viability of AGS, SGS-7901 and BGC-823 cells *in vitro*. Cell viability was detected in GC cell lines following culture for 0, 24, 48 and 72 h. Optical density was measured at a wavelength of 450 nm. (B) HDAC3 silencing significantly downregulated gastric tumor weight in a GC mouse model induced by inoculating AGS, SGC-7901 and BGC-823 cells. (C) HDAC3 silencing markedly attenuated the colony formation capacity of AGS, SGS-7901 and BGC-823 cells. Data are presented as the means ± SEM. ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 vs. sh-cont.](IJMM-41-01-0155-g01){#f2-ijmm-41-01-0155}

![Histone deacetylase 3 (HDAC3) regulates miR-454 expression and the role of miR-454 in gastric cancer (GC) tumorgeneisis. (A) HDAC3 overexpression upregulated miR-454 expression by microarray analysis. HDAC1-1, HDAC1-2 and HDAC1-3; Vector-1, Vector-2 and Vector-3 refer to the cDNA microarray results of triplicate experiments. Green and red color intensity refers to downregulation and upregulation, respectively. (B) Linear regression analysis revealed that the miR-454 level significantly and positively correlated with HDAC3 expression. miR-454 mRNA expression was significantly upregulated (C) in GC cell lines and (D) tissues compared with normal cell/non-tumor tissues. (E) Patients with a high expression of miR-454 had a markedly worse survival percentage compared to those with a low miR-454 level. (F) In 33 cases presenting advanced disease (stages of III and IV), 21 (63.64%) of the cases had a high level miR-454 expression in GC tissue; whereas in 27 cases with early stage disease (stages I and II), only 8 (29.63%) presented high levels of miR-454 expression. (G) In the 33 cases of GC with lymph node metastasis, 24 (72.73%) presented a high miR-454 expression, while only 5 (18.52%) of 27 cases of BC without lymph node metastasis present high level miR-454 expression. (H) miR-454 knockdown significantly inhibited the viability of (H) AGS and (I) SGC-7901 cells. Cell viability was detected in GC cell lines following culture for 0, 24, 48 and 72 h. Optical density was measured at a wavelength of 450 nm. Data are presented as the means ± SEM. ^\*^p\<0.05, ^\*\*^p\<0.01 and ^\*\*\*^p\<0.001 vs. normal cells or si-cont.](IJMM-41-01-0155-g02){#f3-ijmm-41-01-0155}

![CHD5 is a direct target of miR-454 and CHD5 is downregulated in gastric cancer (GC) and predicts a poor survival percentage. (A) miR-454 knockdown significantly increased CHD5 expression in GC cell lines, AGS and SGC-7901. (B) The expression of miR-454 inversely correlated with the level of CHD5 in GC. (C) CHD5 was proven to be a putative target gene of miR-454 using the database TargetScan. (D) Fluorescence activity decreased by \>50% in the wild-type (wild) group than in the mutant (mut) group. (E) The CHD5 mRNA and (F) protein expressions are downregulated in GC tissues compared with that in non-tumor tissues. CHD5 (G) mRNA and (H) protein expressions are downregulated in GC cell lines. (I) Patients with a low expression of CHD5 had a markedly worse survival percentage compared to those with a high CHD5 level.](IJMM-41-01-0155-g03){#f4-ijmm-41-01-0155}

###### 

Univariate and multivariate regression analyses of parameters associated with the prognosis of patients with GC.

  Characteristics          Subset          Univariate analysis    Multivariate analysis                          
  ------------------------ --------------- ---------------------- ----------------------- ---------------------- -------
  Sex                      Male/female     1.215 (0.762--1.974)   0.693                                          
  Age (years)              \<60/≥60        1.103 (0.828--1.981)   0.741                                          
  Tumor size (cm)          \<3/≥3          1.425 (0.915--2.183)   0.516                                          
  TNM stages               I--II/III--IV   2.691 (1.592--5.176)   0.001                   2.045 (1.127--3.316)   0.011
  Lymph nodes metastasis   N/P             3.321 (1.815--5.943)   0.001                   2.315 (1.272--4.018)   0.003
  miR-454                  High/low        2.437 (1.397--4.735)   0.001                   1.819 (1.012--3.027)   0.034

GC, gastric cancer; CI, confidence interval; HR, hazard ratio; N, negative; P, positive.

###### 

Association between clinicopathological factors and miR-454 expression levels in patients with GC.

  Variables                No. of patients   miR-454   P-value   
  ------------------------ ----------------- --------- --------- -------
  Sex                                                            0.857
   Male                    39                19        20        
   Female                  21                12        9         
  Age (years)                                                    0.471
   \<60                    18                7         11        
   ≥60                     42                24        18        
  Tumor size (cm)                                                0.114
   \<3                     36                22        14        
   ≥3                      24                11        13        
  TNM stages                                                     0.012
   I-II                    27                19        8         
   III-IV                  33                12        21        
  Lymph nodes metastasis                                         0.001
   Negative (N)            27                22        5         
   Positive (P)            33                9         24        

GC, gastric cancer.

[^1]: Contributed equally
